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ABSTRACT A DNA isolation procedure was developed by
using triple-helix formation and magnetic separation. In this
procedure, target DNA is captured by a biotinylated oligonu-
cleotide via intermolecular triplex formation, bound to strepta-
vidin-coated magnetic beads, and recovered in double-
stranded form by elution with a mild alkaline buffer that
destabilizes the triple helix. The effectiveness of the procedure
was demonstrated by a model experiment with an artificially
reconstructed library and, also, by the isolation of (dT-
dC),-(dG-dA). dinucleotide repeats from a human genomic
library. This procedure provides a prototype for other triplex-
mediated DNA isolation technologies.

The first triple helical structure of nucleic acids was discov-
ered more than 30 years ago (1). While the biological roles of
such structures are still open to question, their chemical
characteristics have been considerably elucidated in recent
works (for review, see ref. 2). The most well-characterized
triplex is the one formed between a double-stranded homopu-
rine-homopyrimidine helix and a single-stranded homopy-
rimidine tract. In this type of triple helix, the third homopy-
rimidine strand binds to the major groove, parallel to the
homopurine strand of Watson-Crick double-helical DNA,
via Hoogsteen hydrogen bonding. The third-strand thymine
(T) recognizes adenine-thymine (A-T) base pairs forming
T-A-T triplets, and the third-strand cytosine (C), protonated
at its N-3 position, recognizes guanine-cytosine (G-C) base
pairs forming C+-G-C triplets.
Homopyrimidine oligonucleotides have been shown to

form local triplexes with corresponding homopurine sites in
larger double-stranded DNAs. Such oligonucleotide-directed
triplex formation has been successfully applied in the recent
development of sequence-specific artificial rare-cutting en-
donucleases (3, 4), in which oligonucleotides and equipped
metal chelates or photoactive groups function as DNA bind-
ing and cleaving "domains," respectively. Also, single-site
enzymatic cleavage of the yeast genome was achieved by the
triplex-mediated "Achilles' heel cleavage" procedure (5), in
which a triplex-forming oligonucleotide, instead of a DNA
binding protein (6), was used to protect the targeted single-
site from DNA methyltransferase. Such triplex-mediated
DNA cleavage techniques provide valuable tools for genomne
analysis. Specific inhibition of DNA-binding proteins (e.g.,
transcription factors or replication factors) by triplex forma-
tion (7-9) may provide a principle for the development of
antiviral or anticancer drugs. Based on the stability of such
triplexes during gel electrophoresis (10), a unique procedure
for labeling specific DNA fragments was also devised to
facilitate restriction mapping of cosmid inserts (11).
To explore further applications of triple helix DNA for-

mation, we tested the use of such structures as tools for the
isolation or enrichment of specific DNA molecules from

heterogeneous DNA mixtures. Such triplex-mediated proce-
dures seem to have some unique advantages over conven-
tional, hybridization-based methods (see Discussion). As a
prototype for various, possible triplex-mediated DNA isola-
tion technologies, a triplex affinity capture procedure was
developed by using a biotinylated oligonucleotide and mag-
netic DNA separation (12) and was applied to the isolation of
particular clones from plasmid libraries.

MATERIALS AND METHODS
Materials. Plasmid pTC45 (13) was a generous gift from

J. S. Lee (University of Saskatchewan). An oligonucleotide
BTC-20 [5'-biotinylated (T-C)10] was synthesized by Operon
Technologies (Alameda, CA). A human chromosome 21-
specific plasmid library was prepared as described (14).
Streptavidin-coated magnetic beads (Dynabeads Streptavi-
din M-280) and a magnetic particle concentrator (Dynal
MPC-6) were obtained from Dynal (Great Neck, NY). For-
ward (24-mer) and reverse (22-mer) pUC/M13 sequencing
primers were obtained from Promega. Restriction endonu-
cleases and Taq DNA polymerases were purchased from
New England Biolabs and Perkin-Elmer/Cetus, respec-
tively. DNA ligation kit was obtained from Takara Biochem-
ical (Berkeley, CA).

Triplex Affinity Capture Procedure. Plasmid DNA ('=2 pug)
was incubated with 20 pmol of biotinylated oligonucleotides
in 50 Al of buffer B (2.0M NaCl/0.2 M sodium acetate/acetic
acetic acid, pH 4.5-5.5) at 50'C for 2 hr. (Note that the pH
values were measured at room temperature after addition of
NaCi.) For reactions at higher pH (6.0 or above), sodium
phosphate buffer was used instead of sodium acetate/acetic
acid buffer. Streptavidin-coated magnetic beads (50 Al),
washed with and resuspended in buffer B (50 Al), were added
to the mixture. After further incubation for 1 hr, the beads
were separated by a magnetic particle concentrator and
washed eight times with 0.5 ml ofthe same buffer. Finally, the
beads were incubated with buffer E (1.0 M Tris-HC1, pH
9/0.5 mM EDTA) for 20 min. DNA was recovered from the
eluate by 1:1 (vol/vol) phenol/chloroform extraction and
ethanol precipitation and was used for bacterial transforma-
tion or gel electrophoresis.

Isolation and Analysis of Dinucleotide Repeat Clones. Plas-
mids prepared from a chromosome 21-specific library were
linearized by digestion at a unique HindIII site on each clone
and subjected to the procedure described above at pH 5.5.
Recovered DNAs recircularized by self-ligation using DNA
concentrations of -0.1 Ag/ml were used for transformation
of competent Escherichia coli DH5a cells. Transformant
plasmids were assayed for the presence of the repeat by a
polymerase chain reaction (PCR)-based method as described
(15). Thermal cycling parameters were as follows: initial
denaturation at 950C for 4 min; 24 cycles of denaturation at
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94°C at 1 min, annealing at 55°C or 58°C for 1 min, and
extension at 72°C for 3 min; and a final cycle with an

extension time of 10 min. Primers used were forward or

reverse sequencing primers and a 27-mer oligonucleotide
BamTC [CCCGGATCC(TC)9]. PCR products were electro-
phoresed on agarose gels and detected by staining with
ethidium bromide.

RESULTS

Principle of Triplex Affinity Capture. The procedure is
schematically illustrated in Fig. 1. First, biotinylated ho-
mopyrimidine oligonucleotides are incubated with a DNA
mixture under a mild acidic condition, which promotes
protonation of cytosine and, thus, triplex formation. The
triplexes formed between the oligonucleotides and target
DNA molecules, containing the corresponding homopurine-
homopyrimidine sequences, are subsequently bound to
streptavidin-coated magnetic beads and magnetically sepa-
rated from other non-triplex-DNAs. Finally, the target DNAs
are recovered in double-stranded form by incubating the
beads under a mild alkaline condition which destabilizes
Hoogsteen hydrogen bonding (triple helix) but not Watson-
Crick base pairs (double helix).

Evaluation of Basic Conditions by Using a Model System.
For the evaluation of basic conditions, an artificially recon-
stituted plasmid library was prepared by mixing pUC19 and
pTC45 (13). The latter plasmid contains a 45-base-pair (bp)
run ofa simple T-C repeat and forms an intermolecular triplex
with exogenously added (T-C),, oligonucleotide as described
(10), whereas the former does not (data not shown). A
5'-biotinylated oligonucleotide (BTC-20) was used to capture
pTC45 according to the basic scheme described above.
Plasmids eluted from the beads were used to transform
competent E. coli DH5a cells. Since transformants bearing
pUC19 and pTC45 form blue and white colonies, respec-
tively, on 5-bromo-4-chloro-3-indolyl /3-D-galactoside (X-
Gal)-containing agar plates, the efficiency of enrichment was
calculated by simply counting the number of each colony.
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FIG. 1. Schematic illustration of triplex affinity capture proce-
dure. See text for details.

At first, conditions were used (sodium acetate/acetic acid
buffer, pH 4.8-5.0) where efficient triplex formation between
pTC45 and oligo- or poly(T-C),, was observed by simple gel
electrophoretic assays (refs. 10 and 16 and our unpublished
observations). However, no significant enrichment of white
colonies (that is, pTC45) was obtained (data not shown). It is
conceivable that this is due to nonspecific interaction be-
tweenDNA and streptavidin on the beads, since streptavidin,
with an estimated isoelectric point of 5-6 (17), may well be
positively charged under these conditions. To reduce such
undesirable interactions, the ionic strength of the reaction
buffer was increased by the addition of NaCl to final con-
centration of 2 M. [This would also increase the thermal
stability of the triple helix (18).] A very efficient enrichment
was obtained with the use of this modified buffer (see Table
1, for example). White colonies, that had accounted for
--0.5% of the total colonies in the original library, were
routinely enriched to account for more than 95% of the
resultant library after a single round of the procedure. Oc-
casionally, no blue colonies at all were observed. A slightly
higher efficiency was reproducibly obtained when linearized
plasmids were used rather than circular ones (data not
shown). Thus, the use oflinearized plasmids is recommended
to obtain the highest efficiency purification, although this
requires the additional steps of enzyme digestion before
triplex formation and self-circularization before bacterial
transformation.
The effects of various parameters on triplex affinity cap-

ture could be followed also by simple gel electrophoresis. For
example, a mixture of linearized pTC45 and A/BstEII frag-
ments was subjected to the triplex affinity capture procedure
at various pHs, and the recovered DNAs were electropho-
resed (Fig. 2). It should be noted that a 5.7-kilobase (kb)
fragment derived from the left extremity of phage A DNA,
which does not contain any complete (dT-dC)Q,(dG-dA),,
sequences longer than 7 bp but does contain some interrupted
ones, also bound weakly to BTC-20 under very acidic con-
dition (pH 4.5 or less) (see Fig. 2, lane 2). Increasing the pH
up to =6 eliminated this weak binding without any significant
reduction in recovery of pTC45 DNA (Fig. 2, lanes 3-5),
whereas further increase in pH reduced the recovery con-
siderably (Fig. 2, lanes 6 and 7). These results indicate that
the stringency ofthe triplex affinity capture can be controlled
simply by changing the pH. The same assay system also
revealed the nonspecific interaction between DNA and the
magnetic beads and its elimination by the high ionic strength
buffer, confirming the result described above (data not
shown).

Triplex Affinity Capture of (dT-dC),-(dG-dA), Dinucleotide
Repeats from a Human Genomic Library. After initial exper-
iments with the model plasmid system, the procedure was

Table 1. Triplex-mediated enrichment of target plasmids from a
reconstituted library

Colonies, no. (%)
White (pTC45) Blue (pUC19)

Before enrichment
5.0 x 10 1.1 x 107

(0.5) (99.5)
After enrichment

4.0 x 104 0.5 x 102
(99.9) (0.1)

Plasmids prepared from a reconstituted library were used for
transformation of competent DH5a cells with or without enrichment
by triplex affinity capture. pTC45 (target) and pUC19 give white and
blue colonies, respectively, on 5-bromo-4-chloro-3-indolyl 13-D-
galactoside (X-Gal)-containing Luria-Bertani agar plates. In this
particular experiment, the enrichment was calculated to be 1.8 x
105-fold with a recovery of -80%.
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FIG. 2. The pH dependence of the triplex affinity capture reac-
tion. A mixture of linearized pTC45 and A/BstEII was subjected to
triplex-mediated DNA isolation procedure at various pHs. Recov-
ered DNAs were electrophoresed on an agarose gel. Lanes: 1 and 8,
input DNA; 2-7, reactions at pH 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0,
respectively. The arrow indicates the position of pTC45. At pH 4.5,
the 5.7-kb BstEII fragment was observed to bind weakly to BTC-20.
Note that part of this fragment was recovered as a noncovalent
complex, with the right arm fragment joined at the cos site.

applied to the isolation of (dT-dC)Q*(dG-dA), dinucleotide
repeats from human genome. This sequence is a member of
so-called "microsatellite" DNAs distributed throughout
mammalian genomes (19, 20). It is often hypervariable in the
number of the repeat units (n) from individual to individual
and thus provides highly informative DNA markers for
genetic linkage mapping (21-24).

Plasmids prepared from a human chromosome 21-specific
library were linearized by digestion at a unique HindIII site
on each clone (14) and subjected to the procedure described
above. Eighteen randomly chosen clones were further ana-
lyzed. Plasmids from these clones were tested for triplex
formation by binding assays similar to the one shown in Fig.
2. All these clones were able to form triplexes with BTC-20
(data not shown).
These plasmids were then tested to determine whether or

not they contained (dT-dC)Q-(dG-dA), sequences using a
PCR-based method originally developed by Kunkel and
coworkers (15). In this assay, a (T-C)Q oligonucleotide and
one of the sequencing primers were combined and used as
PCR primers. If the tested insert contains a (dT-dC),,(dG-
dA)n sequence(s), amplified products should be obtained by,
at least, one of the primer combinations depending on the
relative orientation of the dinucleotide repeat. In practice, 17
clones of the 18 tested gave distinct PCR products, part of
which are shown in Fig. 3. These results demonstrated that
the triplex-mediated procedure is quite effective and useful
for selection of (dT-dC)Q*(dG-dA)n dinucleotide repeat clones
and, thus, for the subsequent development of highly infor-
mative DNA markers for genetic linkage mapping. (Further
analysis of these clones will be reported elsewhere.)

DISCUSSION
A triplex-mediated DNA isolation procedure was developed
using biotinylated oligonucleotides and magnetic DNA sep-
aration as schematically illustrated in Fig. 1. It proved to be
quite effective both by a model experiment (Table 1) and by
the selection of microsatellite DNA clones from a human
genomic library (Fig. 3). It was also successfully applied to
the isolation of a single-copy locus clone from a yeast
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FIG. 3. PCR-based assay for the (dT-dC)"-(dG-dA), dinucleotide
repeats on six clones (nos. 1-6) purified by triplex affinity capture
from a chromosome 21-specific library. PCR was performed with
forward and reverse primers (each left lane), forward and BamTC
primers (each middle lane), and reverse and BamTC primers (each
right lane). Lanes M contain phage A DNA digested with HindIII
(outside) and BstEII (inside).

genomic library (unpublished results). This triplex affinity
capture procedure provides a prototype for other triplex-
mediated DNA isolation technologies to be developed.
To select particular DNA clones based upon their DNA

sequences, conventional hybridization-based procedures
(e.g., colony or plaque hybridization) are usually employed.
These well-established procedures are of great use and reli-
ability but have some practical drawbacks. For example, they
require time-consuming and labor-intensive steps of filter
preparation that often limit the number of clones that can be
screened. Furthermore, since these procedures include prior
denaturation steps and other treatments that destroy the
integrity of the target DNA molecules, one has to reisolate
the corresponding clones from the original plates to obtain
intact DNA molecules.

In contrast, the triplex affinity capture procedure, like
RecA-mediated ones (25, 26), can be performed efficiently in
the liquid phase. This eliminates the tedious filter-handling
procedures and enables one to screen a larger number of
clones with relative ease and, also, several libraries simul-
taneously in a parallel manner. It would be amenable to
automation. In addition, the DNA molecules obtained are
kept double-stranded, and thus readily used for various
subsequent biological and biochemical manipulations. Simi-
lar to hybridization, the stringency ofthe triplex reaction may
be controlled by tuning conditions such as pH (Fig. 2),
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temperature (unpublished observations), and others (e.g.,
organic solvents and polyamines), although the effects of
these parameters remain to be evaluated systematically.
At present, the general use of triplex-mediated DNA

isolation may be somewhat restricted because of its limited
target sequences (essentially, homopurine-homopyrimidine
tracts). Nevertheless, judging from the success of prototype
experiments described here, it is worth further pursuit. Its
applicability and utility would be extended and improved by
the use of some permissive mismatches in triplex formation
(27, 28), alternate-strand triple-helix formation (29), other
types of triple helices (30-36), including ones formed by
recombinase proteins (37, 38), and artificial base analogs. A
potential great advantage of the triplex-mediated approach is
its applicability, in principle, to the isolation of very large
DNAs, where the denaturing conditions required by almost
all conventional hybridization-based approaches would in-
evitably lead to intolerable levels of DNA strand breakage.
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